Abstract
Introduction
It is well known that the BMI is associated with several adverse health outcomes and increased mortality [1] . BMI is also known to be one of the main risk factors for functional health that deserves further attention [2, 3] . A large number of cross-sectional studies have shown that BMI is associated with functional health. However, thus far, longitudinal studies investigating the effect of BMI on functional health are rare [4] [5] [6] . Nevertheless, longitudinal studies are needed to get insights into the causal relationship between BMI and functional health. It is important to know the risk factors that are potentially modifiable in order to minimize the societal burden associated with decreased functional health. Thus, this knowledge is important to develop interventions.
Furthermore, the pattern of the relationship between BMI and functional health is not well understood. For instance, as we lose or increase weight in mid or high age do we gain or lose functional health? If there is a relationship, is it linear or curvilinear (according to the so-called obesity paradox)? This study attempts to clarify the manner in which BMI affects functional health over time. To accomplish this aim, data from a population-based (communitydwelling individuals aged 40 and above) longitudinal study in Germany from 2002 to 2014 was used. We hypothesize that the greater the extreme of BMI (either higher or lower), the greater the risk for losses in functional health. Moreover, we explore whether or not the association between BMI and functional health varies by gender.
Material and Methods

Sample
We used data from the public release of the German Ageing Survey ('Deutscher Alterssurvey'; DEAS). This dataset is provided by the Research Data Center of the German Center of Gerontology ('Deutsches Zentrum für Altersfragen'; DZA). It is a large, population-based (national probability sampling) cohort among community-dwelling individuals aged 40 years and above in Germany. These individuals were interviewed by trained staff using standardized questionnaires. Because functional health was assessed from wave 2 (2002) onwards, we focused on the waves 2-5 (2014).
5,194 subjects were interviewed in the second wave, 8,200 subjects in the third wave (2008), and 4,855 subjects in the fourth wave (2011). In addition, 10,325 individuals took part in the fifth wave. For example, the discrepancies regarding the sample size is due to the introduction of a new sample in the third wave (6,205 individuals were interviewed for the first time, and 1,995 had already been interviewed in previous waves), whereas all participants from the fourth wave had already been interviewed in former waves. For the first time, 6,002 participants were interviewed in the fifth wave, whereas 4,323 subjects have already been interviewed in former waves. Further details concerning the composition of the sample and the sampling frame were given elsewhere [7] . The study was conducted according to the principles expressed in the Declaration of Helsinki. Prior to the interview, written informed consent was given. All individuals received a small incentive for participation.
Dependent Variable
Functional health was measured by the subscale 'physical functioning' of the well-established 36-Item Short Form Health Survey (SF-36) [8] . Individuals rated impairments in ten activities of daily living (e.g., bathing, climbing stairs, dressing, or carrying shopping bags) on a three-point scale (from 1 = severely limited to 3 = not limited at all) [9] . Hence, this study focusses on rather simple activities of daily living. The items were transformed into a scale which ranges from 0 to 100, with higher values reflecting less impairment. The scale has very good psychometric properties [10] .
Independent Variables
BMI (linear, quadratic, and cubic terms) was calculated from self-reported height (meter) and weight (kg) as weight divided by height squared. Besides, we controlled for several time-dependent independent variables which are assumed to be important for functional health. Consequently, we controlled for age, family status (married, living together with spouse (reference); married, living separated from spouse; divorced; widowed; never married), employment status (working (reference); retired; other: not employed), the number of important people in regular contact (ranging between 0 and 9), and comorbidity (total number of illnesses, e.g. diabetes, cancer, bladder problems, bad circulation, insomnia, or hearing problems). Solely for descriptive purposes, the time-constant variables sex and education (educational level, ISCED-97 (International Standard Classification of Education) [11] , with low (0-2), medium (3-4), and high (5-6)) was used.
In sensitivity analysis, the average number of different medications per day was used. However, this was only quantified from wave 3 (2008) onwards. Therefore, our sensitivity analysis focused on the waves 3, 4, and 5.
Statistical Analysis
Previous longitudinal studies with similar outcome variables showed that it is important to take timeconstant unobserved factors such as genetic disposition into consideration in order to get unbiased estimates [12, 13] . While pooled ordinary least squares (OLS) regressions only provide consistent estimates under the absence of time-constant unobserved factors, random effects (RE) strategies provide consistent estimates even if time-constant unobserved factors exist. However, RE regression techniques only provide consistent estimates when these time-constant unobserved factors are not systematically correlated with the predictors. Actually, this is a very strong assumption which is often violated [12, 13] . Consequently, FE regressions were used since they provide consistent estimates (under the assumption of strict exogeneity) even if timeconstant unobserved factors are correlated with the predictors [14] .
Contrarily to RE regressions which take between-and within-information into consideration, fixedeffects (FE) regressions only take intra-individual changes (within-information) into account. Hence, the FE estimator is also called 'within-estimator'. Consequently, time-constant factors (unobserved and observed) are taken into consideration. The FE estimator eliminates the time-constant component of the error (so called 'fixed effects'). This means that bias resulting from genetic differences between individuals, a potential confounder that is nearly impossible to measure in large surveys, is not a problem when using FE regressions. Please see Wooldridge [15] or Cameron and Trivedi [14] for technical details and further assumptions.
Results
Sample Characteristics
As our interest lies in changes within individuals over time, individuals were included in FE regression analysis, if they had changes in functional health between 2002 and 2014 (resulting in a sample size of 21,692 observations to be examined). Descriptive statistics for subjects included in FE regression analysis are displayed in table 1 .
As for gender (which was not included in FE regressions because it is a time-constant independent variable), 50.9% were male. The mean age was 63.5 ± 11.5 years (ranging from 40 to 95 years). 52.7% of the individuals had a medium education, and 52.9% of the individuals were retired. The mean number of important people in regular contact was 4.9 ± 2.7. The mean number of chronic diseases was 2.4 ± 1.9. Furthermore, the mean BMI was 26.7 ± 4.5 kg/m 2 , and the mean functional health was 83.0 ± 22.7.
Correlations
Pairwise cross-sectional Pearson correlations were displayed in table 2 to get a deeper understanding of our data.
Functional health was significantly associated with BMI (r = -0.20, p < 0.001). Furthermore, functional health was significantly associated with age (r = -0.35, p < 0.001), marital status (r = -0.11, p < 0.001), being retired (r = -0.30, p < 0.001), the number of important people in regular contact (r = 0.08, p < 0.001), and the number of chronic diseases (r = -0.45, p < 0.001).
Main Analysis
When adjusting for potential confounders, linear FE regressions ( table 3 ) revealed that functional health increased with BMI in the total sample and in both sexes (columns 1, 4 and 7). In the total sample and in women (columns 2 and 8), functional health increased with linear and quadratic BMI, whereas functional health did not increase with linear and quadratic BMI in men (column 5). However, linear, quadratic, and cubic BMI terms were significantly associated with changes in functional health in the total sample and in both sexes (columns 3, 6 and 9). The interaction terms (BMI × sex, BMI² × sex, BMI³ × sex) were all not significant (not shown). Our analysis is graphically illustrated by using the 'marginsplot' command in Stata ( fig. 1 ) . The curve shows a steep incline in functional health (e.g., from BMI of 15 kg/m 2 to BMI of 23 kg/m 2 ) with a subsequent flattening slope until excess weight. After that, the slope declines more steeply.
Furthermore, functional health decreased with increasing age in the total sample and in both sexes. In addition, while changes in marital and employment status were significantly associated with changes in functional health in men, changes in marital and employment status were not significantly associated with changes in functional health in women. Beta coefficients were reported; robust standard errors in parentheses; ***p < 0.001, ** p<0.01, *p < 0.05,
In the sensitivity analysis (results not shown, but available upon request), the main model was extended by adding the average number of different medications per day. However, it is worth repeating that this variable was only quantified from wave 3 onwards. Consequently, our sensitivity analysis only used data from the waves 3, 4, and 5. In terms of effect sizes and significance, findings remained almost the same. However, in women, the cubic term (BMI³) lost significance (p < 0.10).
Discussion
Main Findings
By using data from a population-based sample of individuals aged 40 and above in Germany, this study attempted to clarify the manner in which BMI affects functional health over time. FE regressions revealed a curvilinear effect of BMI on functional health in the total sample and in both sexes, with non-significant gender differences. In sum, the greater the extreme of BMI (either higher or lower), the greater the risk for functional decline.
Previous Research
While numerous cross-sectional studies found positive associations between BMI and functional health in older adults [16, 17] , only a few population-based longitudinal studies investigated the effect of BMI on functional health. For instance, by using data from a prospective cohort study (Australian Longitudinal Study of Ageing, 1992-1994), Bannerman et al. [18] showed that a loss of 10% body weight significantly increased the risk of functional limitations in individuals aged 70 and above. Moreover, also by using data from a prospective cohort study (population-based National Health and Nutrition Examination Survey I, 1971-1987), Launer et al. [19] found that a weight loss of more than 5% was associated with an increase in mobility disability in very old women (mean age 76 years at baseline). Mobility disability was quantified as report of any difficulty in at least one of several activities (e.g., climbing two steps, carrying a full bag of groceries, doing heavy chores, or bending to the floor). Moreover, Arnold et al. [20] , Jensen et al. [21] , Lee et al. [22] , and Artaud et al. [4] could also show that an increased BMI as well as weight losses are associated with a greater risk of functional decline or physical functioning. Previous longitudinal studies in several countries found that underweight led to functional impairment [16, 18, 23, 24] . In total, these findings correspond to our results and might be explained by a lack of physical activity and a higher risk of falls [25] which in turn might lead to decreased functional health.
As for the nature of the relationship between BMI and functional health, some studies investigating the effect of BMI on functional health have included BMI as a continuous predictor (assuming a linear relationship) [26] , whereas other longitudinal studies have shown that the relationship between BMI and functional health is curvilinear. Consequently, longitudinal studies exist using gender-specific BMI tertiles [19] , quartiles [27] , quintiles [24] , or other classifications [23] . For example, LaCroix et al. [24] found that high compared with moderate BMI was associated with an increased risk of losing mobility, whereas low BMI was not associated with the risk of losing mobility. Similar findings were reported by Harris et al. [27] . They found that continued physical ability was associated with a BMI less than the 75th percentile which equals BMI of about 25 kg/m² compared with a BMI greater than 75th percentile. By controlling for unobserved and observed time-constant factors and by integrating linear, quadratic, and cubic terms for BMI, our study extend previous knowledge based on other statistical methods and classifications of BMI categories.
Strengths and Limitations
This is the first longitudinal study investigating the curvilinear effect of BMI on functional health among older Germans. Moreover, it is worth highlighting that functional health was quantified by using a validated instrument. By using FE regressions, time-constant factors (observed and unobserved) can be taken into consideration, resulting in consistent estimates (under the assumption of strict exogeneity). Additionally, by using panel data methods, insights into the causal mechanism can be derived (average treatment effect on the treated) [28, 29] . However, in contrast to a randomized controlled trial, the current observational study, which used self-reported data, did not have a controlled treatment. This limits causal inference from our study even though, for linguistic reasons, seemingly causal terminology was occasionally used in our report.
By using a large population-based sample of community-dwelling subjects ( ≥ 40 years) in Germany, this longitudinal observational study showed that, after adjusting for various important time-varying potential confounders, decreases from very high BMI values (e.g., 40 kg/m 2 ) to high BMI values (e.g., 35 kg/m 2 ) within an individual were associated with increases in functional health within an individual over time. This might give first insights into the causal relationship between BMI and functional health (with limitations noted above). However, randomized controlled trials are necessary to confirm the present findings.
One limitation is that only self-reported data were available concerning height and weight. Thus, it is assumed that BMI is biased downwards since individuals tend to overestimate height and underestimate weight [30] . However, when this downwards bias is constant within individuals over time, it does not bias FE estimates (please see 'Statistical Analysis' above for further details).
Besides, the influence of fat and muscle mass cannot be assessed for reasons of data availability. Additionally, it is assumed that our estimates are downward biased for reasons of panel attrition [31] . Moreover, we cannot rule out that reverse causality exists (e.g., functional health affecting BMI). However, dealing with this bias requires even more complex regression techniques (e.g., the use of so-called 'panel instrumental variable approaches' [32] ). An instrumental variable is a factor that is associated with an independent variable suspected of being endogenous (here: own BMI) and is only associated with the outcome measure (here: functional health) because of its relation with the risk factor of interest (here: own BMI). For an empirical example, please see Smith et al. [33] . These approaches, however, depend on very
